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DyadElectronmicroscopy techniques havemade a signiﬁcant contribution towards understandingmuscle physiology
since the 1950s. Subsequent advances in hardware and software have led to major breakthroughs in terms of
image resolution as well as the ability to generate three-dimensional (3D) data essential for linking structure
to function and dysfunction. In this methodological reviewwe consider the application of a relatively new tech-
nique, serial block face scanning electron microscopy (SBF-SEM), for the study of cardiac muscle morphology.
Employing SBF-SEM we have generated 3D data for cardiac myocytes within the myocardium with a voxel
size of ~15 nm in the X–Y plane and 50 nm in the Z-direction.We describe how SBF-SEM can be used in conjunc-
tion with selective staining techniques to reveal the 3D cellular organisation and the relationship between the t-
tubule (t-t) and sarcoplasmic reticulum (SR) networks. These methods describe how SBF-SEM can be used to
provide qualitative data to investigate the organisation of the dyad, a specialised calcium microdomain formed
between the t-ts and the junctional portion of the SR (jSR). We further describe how image analysis methods
may be applied to interrogate the 3Dvolumes to provide quantitative data such as the volumeof the cell occupied
by the t-t and SR membranes and the volumes and surface area of jSR patches. We consider the strengths and
weaknesses of the SBF-SEM technique, pitfalls in sample preparation together with tips and methods for
image analysis. By providing a ‘big picture’ view at high resolutions, in comparison to conventional confocal
microscopy, SBF-SEM represents a paradigm shift for imaging cellular networks in their native environment.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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Structural studies of the heart have been fundamental to our
understanding of cardiac physiology providing mechanistic insights
into complex biological processes. For example, the application of
high resolution transmission electron microscopy (TEM) to the
study of skeletal muscle in the 1950s led to the development
of the sliding ﬁlament theory describing the process of muscle
contraction [1,2]. Since then electron microscopy (EM) has contin-
ued to play a major role for unravelling the mechanisms underlying
muscle contraction namely excitation–contraction coupling (ECC)
[3]. In the heart calcium (Ca2+) regulates ECC through a process
termed calcium-induced calcium release (CICR). CICR is a phenom-
enon whereby depolarisation of the cell membrane leads to an
inward current (ICa) generated by the opening of the L-type
voltage-gated Ca2+ channel (LTCCs) localised to both the
transverse-tubule (t-t) system and the surface sarcolemma. This in-
ﬂux of Ca2+ ions into the cytosol triggers the release of a bolus of
Ca2+ from the sarcoplasmic reticulum (SR), via the ryanodine
receptors (RyR) anchored in the SR that activates the myoﬁlaments.
Other factors including SR Ca2+ content and Ca2+ sensing proteins
such as calsequestrin also play a key role in maintaining synchro-
nous CICR (for reviews see [4,5]). CICR is proposed to be under a
‘local control’ mechanism whereby the LTCC Ca2+ current (ICa)
directly inﬂuences the opening of the RyRs, leading to Ca2+ release
from the SR with disruption of ICa resulting in termination of
SR Ca2+ release [6,7]. The release of Ca2+ from the SR into the cyto-
sol gives rise to the calcium transient which is the summation of a
series of Ca2+ sparks from the RyR [8]. The cellular geometry
of the t-ts and SR and spatial distribution of the LTCC and RyR are
central to the generation of Ca2+ sparks, a process integral for ECC.
Confocal microscopy techniques have been fundamental to
unravelling the molecular level processes of CICR, by visualisation
of SR Ca2+ release in the form of ‘sparks’ [9,10] and showing
that the Ca2+ sparks triggered within each dyad contribute to the
Ca2+ transient of the cell [11–13]. However, it is electron microsco-
py methods that have revealed how the t-ts and the junctional
portion of the SR (jSR) are organised to form a dyad, the site of
Ca2+ release. This methodological review will focus primarily
upon the application of the novel technique of serial block face
scanning electron microscopy (SBF-SEM) to the study of cardiac
myocyte ultrastructure, and in particular the organisation of the
sarcotubular network. Brieﬂy, we shall also consider the other
types of EM techniques that have contributed towards furthering
our understanding of ECC to provide a context for the potential
that SBF-SEM offers.2. Preparation of the heart myocardium for TEM study; issues of
image quality
Key to any EM study is the sample preparation step for preser-
vation of the specimen in as close to the native state as possible, to
ensure that the resultant images reﬂect the morphology and ultra-
structure of the tissue. In order for biological specimens to with-
stand the vacuum and damage from the electron beam tissue
samples are routinely chemically ﬁxed and then embedded in
plastic blocks.2.1. Chemical ﬁxation of the left ventricle
A combination of paraformaldehyde and glutaraldehyde (penetra-
tion limit of ~2 mm of tissue) is typically used in a cocktail known as
the Karnovsky's ﬁxative [14]. A standard recipe for tissue ﬁxation
employs 2.5% glutaraldehyde (w/v) in 0.1 M sodium cacodylate buffer
(pH 7.2–pH 7.4) and between 2–4% (w/v) paraformaldehyde as a pri-
mary ﬁxation step to cross-link the protein components. Many of the
protocols for ﬁxation and staining have been optimised using perfusion
ﬁxation in small mammal hearts but this is not always practical when
working with larger animals or with human samples. For our studies
of sheep and rat myocardium we have obtained good sample preserva-
tion by immersing small (1–2 mm3) pieces of left ventricular tissue,
taken immediately after sacriﬁce, in Karnovsky's ﬁxative for 15 min
with the paraformaldehyde concentration kept below 2% to avoid cellu-
lar shrinkage at room temperature (RT) [15]. The tissue (~1 cm3) is then
chopped into several smaller pieces in a petri dish containing the ﬁxa-
tive and the trimmed slices are transferred into fresh ﬁxative for 2–3 h
at 4 °C. During the trimming process the tissue must always be
immersed in the ﬁxative. We recommend that the sample is not left
for more than seven days in the ﬁxative to avoid cell shrinkage. The
specimen is then washed (5 × 5 min) in the primary ﬁxation buffer.
Note: This is important because at this stage the specimen is still
semi-permeable and so washing with water will potentially cause
osmotic changes and cellular damage. The next step is postﬁxing in 2%
(v/v) osmium tetroxide and 1.5% (w/v) potassium ferrocyanide in
sodium cacodylate buffer (pH 7.2–pH 7.4; 1 h at room temperature,
RT). Osmium tetroxide diffuses into the cell membranes and cross-
links the lipid constituents. After treatment with osmium tetroxide
the tissue is permeabilised so double-distilled water (ddH2O) can be
used to wash the sample between treatments as described below. To
visualise the sarcoplasmic reticulum this secondary ﬁxation step is
modiﬁed as described in Section 2.2.1.
Biological matter is essentially made up of C, N and O with atomic
numbers 6, 7 and 8 and so is barely visible within the microscope,
thus there is a need to enhance the contrast and improve the scattering
properties. This is achieved by post-staining methods. Uranyl acetate
and lead citrate are heavy metal stains commonly used for post-
staining but uranyl acetate is generally used for en bloc staining. After
ﬁxation the tissue is washed (3 × 10 min) in ddH2O at RT. The sample
is then left overnight in 0.5% w/v aqueous uranyl acetate at 4 °C, after
which it is washed again with ddH2O (3 × 10 min). In addition to
enhancing the contrast of the biological material by a direct association,
staining can be selective for delineation of different cellular features.
Phosphotungstic acid for example, attaches to positively charged pro-
teins as well as polysaccharides whereas uranyl acetate binds mostly
to negatively charged proteins. After staining, the tissue is washed and
then dehydrated in a graded ethanol series at increasing concentrations;
25%, 50%, 75%, 90%, and 100% (twice) v/v in ddH2O, all steps are carried
out at RT. The next step involves transfer into propylene oxide (PO) for
15 min (2×) and then inﬁltration with increasing concentrations of
resin; 2–3 h in resin:PO (v/v) mixes at ratios of 1:1, 1:2 and 2:1. Three
further inﬁltration steps into pure resin (100%) are carried out, two for
2–3 h and one further step in pure resin overnight. The samples are
then left to cure at 60 °C for 48 h.
The plastic blocks are then sectioned in an ultramicrotome, standard
equipment for any EM laboratory and deposited on EM grids (we rou-
tinely use 400-mesh copper grids (Agar Ltd.)). The thickness of the
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60 nm would be ideal, to facilitate the penetration of the electron
beam and to limit as much as possible the Holmes effect. As a rule of
thumb the thickness of the section is guided by the accelerating voltage
(kV), for example, if the microscope is operated at 80 kV then a section
of ~80 nm would be appropriate for study. Thicker sections are advan-
tageous for electron tomography to increase the information collected
in the Z-plane (see Section 3.2) and with the introduction of high volt-
age TEMs equipped with ﬁeld emission gun (FEG) tissue sections of
200–250 nm can now be routinely examined with some reports using
sections as thick as 500 nm [16]. The above is an overview of the sample
preparation methods we have employed in our studies of myocardium
ultrastructure. There are numerous reviews and books dedicated to EM
sample preparation methods which are extensive and vary with tissue
type and study objectives e.g. [17,18] therefore, in the next section we
shall consider the features that constitute a good or bad image.
2.2. Ultrastructure of the left ventricle; TEM of thin sections
The TEM image in Fig. 1A shows an example of good tissue preserva-
tion of the left ventricle that has been prepared using the ﬁxation, stain-
ing, inﬁltration and embedding methods described above. The image
shows the characteristic striated appearance of cardiac muscle with
the bundles of alternating thick and thin ﬁlaments, actin and myosin,
spanning the length of the cell. The Z-lines delineate each sarcomere
and the mitochondria form rows sandwiched between the myoﬁbrils.
Nestled between the mitochondria at the Z-lines are the t-ts, tubular
invaginations of the sarcolemma providing compartmental communi-
cation between the interior and exterior of the cell allowing penetration
of the action potential [19] and home to the LTCCs. The diameter of a
tubule varies between species but is generally reported to be ~200–
300 nm [20]with those in adult humanheart found to be larger, approx-
imately 400 nm across [21]. In contrast, Fig. 1B shows an example of
poor specimen ﬁxation, and although the same features of the muscleFig. 1.TEM images of thin sections of sheep left ventricle — the good, the bad and the ugly. (A) A
by regularly spaced Z-lines (Z). Transvere-tubules (t-ts) are present at the Z-lines ﬂanked on eit
by staining with 1% v/v osmium tetroxide and 1.5% w/v potassium ferrocyanide usually referre
(holes) within the myoﬁlaments indicating intracellular deterioration. The white arrows high
(C) There are large white patches (1–2 μm across), indicated by the black arrows, that will aff
poor. Scale bar = 2 μm.are still clear there are white patches between the sarcomeres. These
patches are a result of intracellular deterioration and are likely due to
changes to the osmotic balance as a result of the chemical ﬁxation;
essentially the organelles swell and then collapse creating an empty
space, which after sample preparation is visualised as white patches.
This image also shows knife marks scoring the surface of the block,
caused by nicks on the glass knife. It is worth mentioning, that glass
knives should primarily be used for trimming and polishing because
their edge gets damaged very easily. After polishing a diamond knife is
more suitable for sectioning especially if hard resins are used. The
micrograph in Fig. 1C is another example of where sample preparation
is less than optimal due to the presence of large white patches. The
region of the section around the patches will be fragile and thus may
not be stable within the microscope. In addition, it can be seen that
there is very poor contrast of the muscle morphology, which is due in
part to the presence of the white patches as these skew the normalisa-
tion of the grey scales of the images acquired by the CCD. Also if the
section is cut so that it is too thick then the contrast will also be poor,
and the images will appear as if looking through a fog.
2.2.1. Visualisation of the sarcotubular membrane architecture
The ﬁrst images of t-ts were observed in dog ventricularmyocytes in
1956 [22] using TEM. However, the signiﬁcance of this membrane
system with respect to muscle excitation–contraction coupling was
not realised until several decades later [23,24]. Forssmann and Girardier
[25] produced some of the ﬁrst TEM images of the t-t network in myo-
cardium tissue by infusing with horseradish peroxidase. This revealed
that the t-ts weremore complex than originally thoughtwith branched,
longitudinal tubules running along the long axis of themyoﬁbril. More-
over, an intimate relationship between the t-ts and the jSR [26,27] was
observed, now known to form a dyad or couplon assembly. A partial
longitudinal view of a t-t is shown in Fig. 2A with the black arrow indi-
cating the jSR membrane which can be seen to lie close to, but not in
contact with, the tip of the t-t. It was from these types of high resolutionnexample of good sample preservation, details of themyoﬁlaments are resolved, separated
her side bymitochondria (M). The tissuewas prepared using Karnovsky'sﬁxative followed
d to as reduced osmium. Scale bar = 1 μm. (B) The black arrows highlight white patches
light an almost vertical knife mark scoring the surface of the section. Scale bar = 1 μm.
ect the stability of the section and also the contrast of the image, which can be seen to be
Fig. 2. TEM images of dyads (sheep left ventricle). (A) A partial longitudinal view of a sheep cardiac myocyte transverse-tubule (t-t). The black solid arrows indicate the jSR that is in close
apposition to the t-t. Thewhite arrows point to thewell-resolved doublemembrane cristae of the adjacentmitochondrion (M). The arrangement of themyoﬁbrils indicates that the cut of
the block is not quite orthogonal to the long-axis of the ﬁbres. (B) Selective staining of the SR through the addition of 50 mMCaCl2 added at the secondary ﬁxation step. Thewhite arrows
indicate the well contrasted (black) jSR encircling the t-tubule (white). The white dashed arrows highlight how the SR weaves through the myoﬁlaments and along the edges of the
mitochondria. Scale bar = 1 μm.
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the t-t and the apposing jSR, was determined to be between 12–15 nm
[28,29], a geometric relationship now known to be central to ECC regu-
lation at the molecular level [30]. Further examination of Fig. 2A ﬁnds
that the details of the double membrane system of the mitochondria,
the cristae, can also be discerned. Note: The resolution of ultrastructural
features of the cristae i.e. the double membrane can be used as an indi-
cator of the quality of the ﬁxation and staining processes in that partic-
ular region of the section. The features of the mitochondria can also be
used as a form of standard measure when comparing morphological
structures between different tissue preparations, in this way conclu-
sions about modiﬁcations to cellular architecture are not based upon
inconsistencies of the tissue preparation process.
Lanthanum salts and ferritin tracers have also been shown to inﬁl-
trate the t-ts through entry into the extracellular milieu resulting in a
delineation of the membrane boundaries [28,31]. Lanthanum can be
lost during the washing stages and so buffers should be supplemented
in order to avoid inconsistent loss of staining. Osmium–potassium ferro-
cyanide staining [32,33] has been found to preferentially stain the SR.
Forbes and co-workers [32] reported that the staining induced by the
reduced osmium technique depends upon both the concentration of
CaCl2 in the solution and the acidity of the ﬁxative; an acidic solution
leads to staining of the SR while a basic one reportedly stains the t-ts.
The use of potassium ferrocyanide at the postﬁxing stage has also
been reported to enhance visualisation of the t-t structures in muscle
tissue sections in combination with the addition of CaCl2 (50 mM) to
the primary ﬁxative [34]. It was also found that phosphate buffers
should not be used for staining of the SR. We obtained good staining
of the SR by using Karnowsky's ﬁxative supplemented with 50 mM
CaCl2 followed by washing with buffer also containing 50 mM CaCl2.
This was followed by postﬁxing with 1% v/v osmium tetroxide with
1.5% w/v K4Fe(CN)6 in 0.1M sodium cacodylate buffer pH 7.2, including
50mMCaCl2 for 1 h at room temperature. This technique gives selective
staining of the SR so that it appears electron dense, nearly black, as
described in [15] with an example shown in Fig. 2B. It is important
that 50 mM CaCl2 is added to both ﬁxation steps and intermediate
washes.
2.3. Cryo-techniques for sample preparation
Chemical ﬁxation remains the gold standard in biological research
and histopathology. However, using this approach the specimen is
taken from an aqueous environment and placed in a non-aqueous
milieu with changes to the osmolarity, pH and ionic strength as a result
of chemical ﬁxation, followed by dehydration, embedding and section-
ing processes [35]. Cryogenicmethods have been developed in attemptsto preserve specimens in as close to the native state as possible and
avoid chemical ﬁxation [36]. In brief, the specimen is rapidly plunged
into a cryogen (e.g. liquid nitrogen, propane or freon) to freeze the sam-
ple at a rate no lower than 10,000 °C/sec to prevent the formation of ice
crystals [37], which could damage the organelle structure with the
release/leakage of soluble elements into the cell. Rapid freezing is
achieved mainly by three different techniques.
• Cold metal block freezing whereby the sample is rapidly brought into
contact with a metal block kept at the temperature of liquid nitrogen.
In this way it is possible to freeze a sample with a thickness of about
20 μmwithout the formation of ice crystals.
• Plunge freezing with immersion of the sample into a liquid gas, such
as liquid nitrogen, propane or freon, kept at a supercooled state. This
technique is heavily dependent on the type of cryogen employed; if
a condensation layer forms around the sample (typically found
whenusing liquid nitrogen) then itwill prevent cooling at a sufﬁcient-
ly fast rate. As such it can give very variable results.
• High Pressure Freezing (HPF), employs the principle that at high pres-
sures the freezing point of water is lowered. Depending upon the
apparatus employed the sample is subjected to a pressure of about
2100 bar and then rapidly frozen with a jet of liquid nitrogen, or the
high pressure is applied contemporaneously with the cooling jet. In
this way ice crystal formation is prevented and the water, naturally
present in the tissue, reaches a supercooled state ﬁxing the tissue.
The advantage of HPF is that there is virtually instantaneous physical
ﬁxation of the entire sample unlike chemical methods, which require
several hours for the ﬁxatives to penetrate through the specimen.
However, water vitriﬁcation is limited to specimens that are about
200 μm thick, which is considerably less than the sample thickness
preserved by conventional ﬁxation. Although cryoﬁxation is used as
a primary physical ﬁxation step a secondary ﬁxation step is required.
This is carried out at low temperature using the standard chemical
cocktail. After cryoﬁxation the sample is then embedded in plastic
blocks. It should be noted that the high pressure employed may also
result in deformation of the plasmamembraneor collapse of the intra-
cellular space, and as with chemical ﬁxation methods sample quality
can vary widely.
2.4. Freeze-fracture TEM reveals the spatial relationship between RyRs and
LTCCs
Freeze-fracture TEM studies were instrumental in revealing that
the RyRs are anchored in the SR membrane [38,39] and form
homotetramers [40,41]. Freeze-fracture techniques involve rapidly
freezing the tissue sample. The specimen is placed into a chamber
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the chamber is used to ‘crack’ the sample open. Etching (sublima-
tion) can be performed to remove ice from the fracture face to reveal
microscopic details which can then be directly examined by SEM, but
for TEM study a replica of the fracture plane is ﬁrst required. The
replica is obtained by using a sputtering device where the sample is
put on a rotating plate while a sublimating ﬁlament covers the spec-
imen with a thin layer of heavy metal such as tungsten, gold or
palladium. For a comprehensive review of freeze-fracture protocols
see [42]. Seminal work from Franzini-Armstrong and colleagues
comparing freeze-fracture images of skeletal and cardiac muscle
showed that the LTCCs (also referred to as dihydropyridine recep-
tors, DHPRs) in skeletal muscle formed regular groupings of four
channels (tetrads) [43] but in cardiac myocytes were randomly
distributed [44]. This distinction in the spatial organisation of the
LTCCs within the plasma membrane is now widely accepted to
underlie the key difference between skeletal and cardiac muscle
ECC. Speciﬁcally, in skeletal muscle there is a direct mechanical
coupling between the LTCC and RyR (RyR1) promoting a stoichio-
metric association. In contrast, in the heart the LTCCs and RyRs
(RyR2) do not come into contact explaining why a tetrad organisa-
tion is not necessary as it is the small inﬂux of Ca2+ through the
LTCCs upon depolarization of the sarcolemma, that triggers a much
larger Ca2+ release from the SR through the opening of the RyR2 [3].
3. 3D organisation of the t-tubule and SR network to form a dyad
3.1. Stereological quantitation
Stereological quantitation methods were developed to extract 3D
data from 2D TEM images and are based upon geometric probability
generating measurements of 3D morphological features by sampling
data from 2D projections. In brief, micrographs are randomly segment-
ed using a grid networkwith sampling taken at points and intersections
along the grid lattice. Volume fractions based upon a ratio of the various
measurements taken at multiple positions can then be calculated.
Stereological quantitation was ﬁrst applied to the study of frog skeletal
muscle ultrastructure by Mobley and Eisenberg in 1975 [45] providing
data for the volume of the cell occupied by the mitochondria and t-ts.
More recently, this approach was used to examine the ultrastructure
of rat ventricle in control and heart failure animals. Morphological
changes to the myocardium from a heart failure rat model found a
loss and displacement of t-ts with a reduced number of partner jSR
structures compared to control tissue [46]. In addition alterations to
the volume of a myocyte occupied by the t-ts and accompanying jSR
membranes in heart failure tissue were quantiﬁed.
3.2. Electron tomography for 3D reconstruction of the dyad
Electron tomography involves the collection of 2D images (projec-
tions) of a plastic section tilted around an axis that is perpendicular to
the electron beam, through a range of tilt angles (typically ±70°
depending upon the design of the goniometer specimen holder) in
increments of 1–2°. Due to the physical limitations of the instrument
stage therewill be a ‘missing-wedge’ of information [47], a consequence
of the specimen holder conﬁguration and also the specimen thickness,
which at high tilts impedes the passage of electrons. With the develop-
ment of high voltage (300 kV)microscopes it is possible to analyse plas-
tic sections about 300 nm thick. Slot grids are usually recommended for
tilt series collection because there are no grid bars entering into the ﬁeld
of view of the microscope. If slot grids are not available then 200 mesh
grids can be used. There are two main data collection geometries for
electron tomography, single-axis and dual-axis tilting. Dual axis tomog-
raphy is when after the ﬁrst tilt series is recorded the specimen is rotat-
ed by 90° in the X–Y plane and a second tilt series is collected from the
same area. The alignment of the tilt series is aided by gold ﬁducialmarkers put on the plastic sections and used to cross correlate the pro-
jections. Ideally the ﬁducial markers should be on both sides of the sec-
tion for optimal alignment; 10 nm is usually suitable for images
collected at about 20 K magniﬁcation while 20 nm diameter is more
useful for working at ~5 K. There are several public software packages
available for tomographic 3D reconstruction such as IMOD [48], EM3D
[49] and TomoJ [50]. The resultant images, tomograms, collected by
dual-axis tomography, from each of the two orthogonal tilt-axes, can
be combined which partially addresses the missing wedge problem
and can improve the resolution of the 3D reconstruction in the Z-
direction (i.e. depth of the sample). However, using dual tilt electron
tomography the specimen is more prone to beam damage and shrink-
age. Therefore ‘baking’ the sample before recording a tilt series is stan-
dard procedure to ensure that the majority of any shrinkage occurs
before data collection. Automated data collection minimises exposure
but some correction for shrinkage in the Z-direction is still normally
required [51]. Typical attainable resolutions for cellular electron tomog-
raphy methods from plastic sections fall within the range of 2–10 nm;
dictated by a combination of the magniﬁcation and the pixel size
of the CCD camera sensor. Data from the most advanced microscopes
e.g. equipped with ﬁeld emission guns, have the potential to approach
b0.5 nm. There is also a method termed conical tomography where-
by the specimen is ﬁrst tilted at about 40°–50°and then rotated to
collect a 360° rotation series with images taken at every 2 to 5° incre-
ments [52].
Hayashi and colleagues have employed electron tomography for the
study of dyad structure and organisationwithin themousemyocardium
and found that the size of the dyads was variable ranging from
9.3 × 103 nm3 to 3.9 × 106 nm3 [16]. The high resolution tomographic
reconstructions also facilitated the identiﬁcation of electron densities
sandwiched between the t-ts and jSR, corresponding to RyR2. The
group were able to calculate the number of RyRs that could be accom-
modated within individual dyads. Signiﬁcantly, they reported in this
study that the tomograms of dyads obtained from chemically ﬁxed
specimens and those prepared using HPF cryoﬁxation methods
contained the same level of microscopic detail concluding that both
sample preparation methods conserved the structural integrity of the
tissue in a similar manner [16]. Electron tomography has more recently
been employed to investigate the organisation of the RyRs within the
dyadic cleft ﬁnding the arrangement to be dynamic and dependent
upon both phosphorylation and [Mg2+] [53]. A reviewof how3D recon-
struction of the dyadic cleft using electron tomography has advanced
our knowledge of ECC can be found in [54].
3.3. Single particle analysis TEM reveals 3D structures of RyRs and LTCCs
In order to obtain details of the RyR structure TEM coupled with
single particle analysis (SPA) methods have been applied to the
study of the puriﬁed receptor. To-date the only 3D data for the fully
assembled LTCCs and RyRs comes from TEM/SPA [55]. This is primar-
ily due to the fact that they are bothmembrane proteins with the RyR
being one of the largest mammalian proteins, 2 MDa. Furthermore,
the LTCC is composed of several auxiliary subunits (Mr ~450 kDa).
Membrane proteins are notoriously difﬁcult to crystallise and both
proteins are well outside the mass range for standard solution
NMR. In addition, both NMR and X-ray crystallography require milli-
gram amounts of protein, whereas EM techniques can generate data
frommicrograms of material. SPA has the advantage that the protein
can be imaged by TEM in solution without crystallisation. 3D
volumes for the LTCC at medium/low resolution i.e. ~20 Å for the
skeletal and cardiac muscle isoforms have been reported by several
groups including our own [56–60]. At these resolutions only a foot-
print of the overall architecture of the LTCCs can be conﬁdently
determined; although labelling studies have provided a gross indica-
tion as to which domains correspond to the individual subunits e.g.
[61]. The 3D structures of all three isoforms of RyR (skeletal, cardiac
6 C. Pinali, A. Kitmitto / Journal of Molecular and Cellular Cardiology 76 (2014) 1–11and brain, designated 1, 2 and 3 respectively) have been reported by
several groups [62–67] revealing details of a mushroom shaped
homotetrameric structure, composed of a large cytoplasmic assem-
bly (~30 × 30 × 12 nm) attached to an SR transmembrane domain
(~12 × 12 × 6 nm) in agreement with the earlier lower resolution
data from freeze-fracture techniques. EM maps for RyR1 have been
extended to ~10 Å permitting details of secondary structure to be
teased out e.g. [68,69]. The RyR has also been shown to be regulated
by more than ten different accessory proteins located both in the
cytoplasm and SR lumen with data from TEM/SPA data identifying
the binding sites within the 3D volume as well as the divergent
regions between the isoforms e.g. [70–73]. The data from these
types of EM studies have contributed towards our understanding of
the molecular mechanisms that regulate RyRs and by inference SR
Ca2+ release and ECC [74]. The different approaches for sample prep-
aration methods and techniques for 3D reconstruction by SPA have
been reviewed extensively in the literature e.g. [75–77] and so will
not be covered here. Reviews of the principal 3-D reconstruction
methods from single proteins in solution can be found in [78–80].
3.4. Combining cellular tomography and single particle analysis data
An exciting new development is the incorporation of 3D structures
of macromolecules from TEM/SPA into tomograms. Baumeister and
colleagues [81] have developed template-matching algorithms that
combine cross-correlation methods with multivariate statistical analy-
sis for pattern recognition within tomograms. The resolution of the
tomogram and size and conformation of the cellular components limit
the application of this approach. However, the size and distribution of
RyRs have facilitated matching the 3D EM RyR1 structure into tomo-
grams of skeletal muscle triads (one t-t ﬂanked on either side by a
jSR) [82] showing that the curvature of the jSR membrane is inﬂuenced
by the presence and packing of the RyRs. The integration of single parti-
cle 3D maps with tomographic data is computationally challenging
requiring multiple methods for motif matching. An important step is
also determining the molecular identity of the individual components
composing the cellular structures using for example immunolabelling
methods. The two major challenges of immunolabelling are the preser-
vation of the antigenic sites of the molecular constituents within the
cells throughout the ﬁxation process and ensuring adequate penetra-
tion of the antibody within the specimen [83]. To maximise the data
contained within a tomogram the use of immunolabels becomes more
complicated since ideally the label should be homogeneously distri-
buted within the full sample volume to enable molecular mapping
throughout the reconstruction. Further complicating factors include
identifying motifs of macromolecules that are closely packed or adopt
different conformationswithin the organelle or have a transient interac-
tion and variable stoichiometry with other protein components. Much
of the success of immunolabelling and optimization of labelling efﬁcien-
cy comes from demanding trial and error experiments as described in
[84]. The technique of matching and ﬁtting macromolecule templates
into tomograms is still in its infancy, but represents a very attractive
development for translating molecular mechanisms into the context of
cellular morphology; for a recent review see [85].
4. 3D reconstruction of whole cardiac myocytes in situ
Electron tomography is an extremely powerful technique for gener-
ating 3D information at 2–10nmresolution.However, although theX–Y
dimensions of the specimen area captured are dictated by the magniﬁ-
cation, the Z-direction is limited by the thickness of the section,
resulting in often only a portion of the region of interest being captured.
For example, as shown in Fig. 2A a t-tubule extends into the myocyte
volume by typically more than 5 μm. Serial section TEM (ssTEM) was
developed some 50 years ago [86] with the goal of generating 3D infor-
mation of large cellular structures from 2D images of multiple sections.This technique requires the collection of many sequential sections from
the same area of the block face, which is in itself not without technical
difﬁculty because it is very easy to loose or damage a section. Once
sections are deposited onto grids they are examined one after the
other with a TEM and the images from each section are then aligned.
Although this process is very laborious high resolution volumetric
data can be generated using this method [87]. A development of this
concept has led to the introduction of serial block face scanning electron
microscopy (SBF-SEM) combining scanning electronmicroscopy (SEM)
and automated serial sectioning. Although the basic components of an
SEM are very similar to a TEM conﬁguration, SEM can be considered
more akin to a radar than a microscope. In an SEM collimated electrons
form a narrow beam (with a diameter as small as 1 nm) that is scanned
in a rectangular raster over the surface of the specimen. An image of the
specimen surface topology is produced by the emitted backscattered
electrons, which vary in intensity as a result of an interaction with the
sample. A commercial instrument, the 3View system by Gatan, based
upon the work by Denk and Horstman [88] is now available as an
add-on that can be installed on any SEM. Amicrotome is housed within
themicroscope so that the specimen is sectioned in situwith sections of
between 50–200 nm removed with each slice. Another conﬁguration
of this type of instrument is the FEI Quanta 3D FEG focussed ion beam
(FIB) — SEM dual beam scanning electron microscope that uses an ion
beam to burn away a thin layer (~20–100 nm thick) rather than a
microtome. In both types of instruments the surface of the block is
scanned after removal of each slice providing a series of images through
the specimen volume. Samples are prepared in plastic blocks as de-
scribed in Section 2.2 as the specimen must be able to withstand
hours of exposure to the electron beam and vacuum. The slicing incre-
ment and depth of sampling in the Z-direction are variables that are
user deﬁned. If sections are removed by an ion beam the property of
the block must also be sufﬁcient to withstand the ‘burning’ so that it
does not ‘melt down’ leaving an undulating uneven surface to be
imaged. There are two types of resins expoxy and acrylic and for SBF-
SEM the harder the resin the better. Acrylic embedding media such as
LR White are typically employed for immunocytochemical studies
where the hydrophilic properties are beneﬁcial. The uniformity and
hardness of epoxy resins have the advantages that they withstand the
electron beam, there is minimal volume change upon curing and they
are easy to section. We have found Agar 100 hard or TAAB LV Medium,
sufﬁciently hard for SBF-SEM and have obtained good quality im-
ages [15]. Note: As it is the block face that is imaged the data does not
suffer from compression artefacts.
Both SBF-SEM and FIB-SEM generate virtually instant volumetric
data and although there is a need for some alignment this is trivial com-
pared to ssTEMand can be doneusing for example IMOD [48]. 3D data is
generated by ﬁrst scanning the surface of the tissue block after which
the microtome or the ion beam removes the top layer. The slice is
discarded and the freshly exposed block surface scanned, this is then
repeated throughout the block. With regard to which instrument is
better for serial sectioning both conﬁgurations have pros and cons.
The 3View systempresents problems that are typical of ultramicrotomy
such as cut andmiss and knifemarks. It is also possible that pieces of the
section cut away fall on the surface of the block and are imaged during a
scan, while still giving images with a good cross-correlation. While this
may not be a problemusing the FIB-SEM system, the ion beamcan dam-
age a portion of the sample lying beneath the layer that has been burnt
away. The resolution in the Z-direction is potentially higher with FIB-
SEMwith milling of 5–10 nm, achieved in the ﬁeld of material sciences,
although thismay be considered optimistic for biological samples. How-
ever, SBF-SEM captures a greater volume and the information acquired
in the Z-direction is limited by time only (and often cost). Specimen
preparation should be speciﬁc for SEM, which is generally more labori-
ous than standard methods for TEM specimen preparation since it
requires additional stain to be applied to the specimen to increase the
signal to noise ratio and improve electron conductivity. After secondary
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and then transferred into tannic acid (1% w/v in 0.1 M sodium
cacodylate pH 7.2) for 1 h at RT. The tissue is then washed again
with ddH2O (3 × 10 min) and then added to osmium tetroxide
(2% v/v) as described in Section 2.1, washed in ddH2O (10 × 5 min
eachwash) and then stained in uranyl acetate (0.5%w/v). It is necessary
to stain and wash repeatedly to increase the signal and to reduce stain-
ing artefacts but overall themore stain that is used the higher signal will
be, improving the contrast and enhancing the conductivity. This will
also preserve the block as there will be greater back scattering of the
electron beam protecting against melting. An example of what to look
out for with respect to the block melting is shown in Fig. 3. However,
the addition of several layers of staining could end up masking the
ﬁne details of the tissue being examined and so it can be very much a
trial and error process and depends heavily upon the goals of the
study. Furthermore, using hard resins which require longer inﬁltration
times coupledwithmultiple staining stepswill lead to amore time con-
suming sample preparation.
A tip for those wanting to collect preliminary data or test the
feasibility of SBF-SEM is to ﬁrst examine specimens prepared for
TEM as described in Section 2.1; using this approach we have
obtained good quality images with sufﬁcient contrast to delineate
the various cellular components, saving time and chemicals [15].
However, if you want to use blocks prepared for TEM then their
examination using SBF-SEM is more technically challenging
compared to TEM as the machine is designed to work with very
small blocks ~0.5 mm3. It is therefore necessary to saw away a
portion of the block prepared for TEM in a clamp using a goldsmith
saw, but it is easy to loose the sample in this way and damage the
block. We make our own ‘precision saws’ by clashing the cutting
edge of two razor blades against each other creating a very effective
serrated edge on the blade. The block can then be locked into
the chuck of the microtome and sawed while controlling the proce-
dure through the binoculars (personal communication Dr Tobias
Starborg, University of Manchester). Note: Although epoxy resins
are safe to handle once cured avoid inhalation of dust during
sawing. The block is then glued to the cyro pin (cayanoacrylate)
and left to cure for about 24 h. After this step it can be further
trimmed down with a razor blade. After drying the block is then
trimmed again and then coated with gold or platinum to enhance
conductivity. A further advantage of this approach is that blocks
can be sectioned for TEM to be screened for quality of sample
preparation and staining and then the same blocks are then
trimmed down for SBF-SEM.Fig. 3. Serial SBF-SEM images of a block that is too soft and ismelting. Serial block face images of
preserved. (B) an image 0.65 μm, 13 images, deeper into the block showing signs of trouble wi
rows) indicating that the block ismelting under the electron beam. (C) 1.4 μmaway from image
over the surface causing ripples.4.1. Application of SBF-SEM to study the myocardium ultrastructure
We have recently reported the 3-D reconstruction of cardiac
myocytes from the left ventricle of both a small (rat) and large
(sheep) mammal using SBF-SEM (Gatan 3View) [15]. A technique also
used by Soeller and colleagues to study the architecture of the
sarcotubular network [89]. An example of a serial block face image
taken from a stack of volumetric data is shown in Fig. 4A. Data were
acquired at a magniﬁcation ×2500 and the cut depth set to 50 nm lead-
ing to voxel sizes for the images collected of 15:15:50 nm (X:Y:Z). The
pressure and operating voltage used was 0.5 torr and 3.8 kV. The rate
of image acquisition is also inﬂuenced by the resolution of the CCD
camera and dwell time of the SEM electron beam. With the CCD set to
capture an area of 4096 × 4096 pixels and a dwell time of 10 μS we
typically acquire ~20 images per hour. This equates to imaging ~1 μm
of tissue in the Z-plane when the cut depth is set to 50 nm. Within the
X–Y plane using these settings, depending upon the myocyte organisa-
tion and orientation, we capture between ﬁve and seven myocytes in
cross-section, running the machine for two-days to collect data.
Depending upon the level of detail required and the goals of the study
a lower magniﬁcation e.g. ×850 and larger cut 150 nm (for voxel
dimensions of 45:45:150 nm inX:Y:Z) facilitates the study of the cardiac
myocyte organisation within the myocardium, as shown in Fig. 4B.
Employing the staining technique described in Section 2.2.1 we selec-
tively stained for the SR so datasets were collected in which the t-ts
were unstained (appearing almost white) while the SR was electron
dense (black) as shown in Fig. 4C.
4.1.1. Image analysis of the sarcotubular network
There is no proprietary software speciﬁcally designed for analysing
SBF-SEM or FIB-SEM data sets, but the data can be conveniently
analysed using both Fiji [90] and IMOD [48]. When the images are
well contrasted with the t-ts appearing almost white and the SR near
black the thresholding function within Fiji can be used to generate a
stack of binary images (see Fig. 4D). The binary images showing either
the features corresponding to the white pixels (t-ts and sarcolemma)
or black (SR) are saved as separate ﬁles and can be viewed in 3D using
the plugin 3D Viewer. Using this approach we were able to determine
that sheep t-ts extend from the sarcolemma towards the centre of the
myocytes, with an example shown in Fig. 5A. In addition, the 3D
reconstructions also revealed the formation of ‘nodules’, regions of t-t
dilation [91,92], along the length of each invagination and often at the
tip of each t-t. The binary stacks, which represent a portion of the cardi-
ac myocytes, may also be used to calculate the relative volume of therat cardiac myocytes shows in (A) an image from a stack inwhich the ultrastructure looks
th vertical lines (black arrow) forming across the image and horizontal ripples (white ar-
in (A) showing that that the block surface has softened so that themicrotome knife catches
Fig. 4. The application of SBF-SEM to the analysis of the cardiac myocyte ultrastructure. (A) An exemplar serial block face image of a sheep cardiac myocyte in a partial transverse orien-
tation; t-ts are very pale grey (white arrows),myoﬁlaments (m) are light grey andmitochondria (M) are dark grey. N= nucleus. Imageswere taken at ×2500. Scale bar=5 μm. (B) Serial
block face image from a dataset taken at lowmagniﬁcation (×850), illustrating the organisation of cardiac myocytes. Pixel dimensions (X, Y, Z) of 45, 45, 150 nm. Themitochondria (dark
grey) and Z-lines are resolved using these settings. Scale bar = 20 μm. (C) The SR (indicated by arrows) is electron dense which facilitates thresholding to depict only the SR as shown in
(D) as a binary image; SR is black. Scale bar = 1 μm.
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corresponding to e.g. the SR, to the total number of pixels of the stack.
The two volumes, from the same portion, can then be superimposed
in 3DViewer to reveal the relationship between the twomembrane net-
works to provide a cell-wide understanding of dyad organisation
(Fig. 5B). Using SBF-SEM we showed how multiple dyads are formed
along a single t-t, and that there are dyads formed on the longitudinal
t-ts. Furthermore, we found that the network SR links all the dyads
within a single cell providing a link for synchronous calcium release.Fig. 5. 3D reconstruction of the sheep t-t network and dyad organisation using SBF-SEM. (A) 3
featureswithin the cell as viewed in cross-section. The t-ts extend out from the sarcolemma and
tion of the t-tubule network (grey) and SR (red) reveals the formation of dyads (dashed ellips
9.4 μm.We have found however, that image contrast is not always so ‘black
and white’ and that thresholding methods for organelle delineation
are not always feasible and manual segmentation is necessary. For
manual segmentation, the image stack is opened in IMOD and the indi-
vidual features through the stack can be delineated within 3Dmod.
Although this is a rate-limiting step, especially if the goal is to recon-
struct for example the sarcotubular network over a large portion of
the cell, the advantage of using IMOD is that the features i.e. the size
and volumes of the ‘objects’ that have been drawn can be readilyD reconstruction of the t-t network (grey) revealing the organisation and morphological
towards the centre of the cell. Height of the reconstruction=11.7 μm. (B) 3-D reconstruc-
oid) as well as how the SR connects each dyad within the cell. Height of reconstruction =
Fig. 6. Integrating thresholding techniques with manual segmentation to visualise the relationship between the SR and mitochondria in sheep cardiac myocytes. (A) Portion of a serial
block image opened as a stack in IMOD. Scale bar= 2 μm. The yellow box highlights the region of the image viewed as an isosurfacewith the threshold adjusted to show only the electron
dense features (the SR) as shown in (B). (B) Stereo pair showing the volume of a mitochondrion manually segmented through the stack (blue), surrounded by the SR (red) obtained by
automated segmentation. Stereo pairs have been generated using the function within the IMOD software.
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mains juxtaposed to the sarcolemma have a mean volume and surface
area of 1.57 ± 0.63 × 107 nm3 and 7.46 ± 3.33 × 105 nm2 respectively
which could theoretically accommodate 130–336 RyRs based upon pre-
vious analyses of receptor clustering patterns [93].
The electron-dense staining of the SR also facilitates an approach
whereby the image stack is opened in IMOD, a region selected and
thresholded using the isosurface function. The SR network is rendered
and features such as the mitochondria can be manually segmented
using the contour function. As shown in Fig. 6A and 6B the relationship
between the segmented mitochondrion and surrounding SR network
can be analysed, although the volume studied accounts for only the
small thresholded portion of the cardiacmyocyte.Manual segmentation
in IMOD (although subjective) can also be used to evaluate how effec-
tive the automated thresholding has been using Fiji, by comparing the
volume calculated from the binary image with that of the object manu-
ally segmented in IMOD. It should be noted that although specimen
preparation for electron microscopy could result in organelle shrinkage
this phenomenon would affect all the block, therefore the proportions
between different organelles would not be affected.
5. Summary
Our recent application of SBF-SEM illustrates the application of this
technique for the study of cardiac myocyte morphology, in healthy
and diseased tissue, generating nanoscale details of the t-t and SR net-
work; information that was previously only accessible at lower resolu-
tions from confocal microscopy. Both SBF-SEM and FIB-SEM represent
a major advance in 3D imaging technology, and EM techniques now
span the structural hierarchy from the nanometre realm to the
micrometre; generating 3D data for single proteins (SPA/TEM), cellular
assemblies (electron tomography) and nowwhole cells and their orga-
nisation within their native environment (SBF-SEM). Although the 3D
data obtained by SBF-SEM are not at as high a resolution as reconstruc-
tions from electron tomography we have shown that this technique has
applications for both qualitative and quantitative studies of the cardiac
myocyte architecture and the sarcotubular organisation. As discussed
above some progress has been made for the ﬁtting of 3D structures of
macromolecules (SPA/TEM) within electron tomograms and we envis-
age that the next stage for the integration of multi-resolution data will
be to combine tomographic data into SBF-SEM volumes to build up
highly complex 3D reconstructions spanning from the protein to the
cell. Another advantage of SBF-SEM is that unlike other microscopy
techniques dependent upon staining of one or more components, the
EM images provide details of all the cellular components andmorphology of the block face. This in turn provides the challenge of
selectively enhancing the contrast of speciﬁc features to facilitate
data extraction, which is currently a rate-limiting step. Cryo-
techniques for sample preparation have been optimised for TEM/
SPA however, methods for tissue preparation using for example
HPF are still not that commonly employed for electron tomography.
This is in part due to the lack of contrast compared to chemical ﬁxa-
tion techniques, the need to develop cryo-ultramicrotomy and the
fact that sections are more susceptible to beam damage. There are
currently no reports of SBF-SEM or FIB-SEM studies of frozen-
hydrated blocks due to the current conﬁgurations being incompati-
ble for the imaging of frozen blocks.
Currently EM techniques are at the frontier of structural biology
methods for analysing cellular morphology in terms of resolution. In
terms of practical innovation SBF-SEMand FIB-SEM are prime examples
of how technology has advanced for the generation of 3D data for cellu-
lar structures within their native environment, providing the ‘big
picture’. Other recent advances such as direct detector cameras and
reﬁnement of software are paving the way for resolutions attainable
by TEM/SPA to approach those typically expected of crystallographic
techniques e.g. [94] and tackle the issues of beam induced motion blur-
ring. Further, innovations such as multi-grid specimen holder design
and automated tilt series collection for electron tomography aremoving
towards streamlining 3D EM techniques and enhancing rates of data
acquisition, but still fall short of being considered high throughput. In
conclusion, while expensive and also requiring considerable training
and a level of computational expertise, EMmethods remain at the fore-
front for generating data at nanoscale resolutions to provide a structural
framework for the organisation of proteins, cells and tissues that ulti-
mately underpins our understanding of physiological and pathophysio-
logical processes.Disclosures
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